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Abstract
Background  In the past two decades, the impacts of Helium-Neon (He–Ne) laser on stress resistance and secondary 
metabolism in plants have been studied, but the signaling pathway which by laser regulates this process remains 
unclear. Therefore, the current study sought to explore the role of RBOH-dependent signaling in He–Ne laser-induced 
salt tolerance and elicitation of secondary metabolism in Salvia officinalis. Seeds were primed with He–Ne laser (6 J 
cm− 2) and peroxide hydrogen (H2O2, 5 mM) and 15-old-day plants were exposed to two salinity levels (0, 75 mM 
NaCl).

Results  Salt stress reduced growth parameters, chlorophyll content and relative water content (RWC) and increased 
malodialdehyde (MDA) and H2O2 contents in leaves of 45-old-day plants. After 48 h of salt exposure, higher 
transcription levels of RBOH (encoding NADPH oxidase), PAL (phenylalanine ammonia-lyase), and RAS (rosmarinic 
acid synthase) were recorded in leaves of plants grown from seeds primed with He–Ne laser and/or H2O2. Despite 
laser up-regulated RBOH gene in the early hours of exposing to salinity, H2O2 and MDA contents were lower in leaves 
of these plants after 30 days. Seed pretreatment with He–Ne laser and/or H2O2 augmented the accumulation of 
anthocyanins, total phenol, carnasol, and rosmarinic acid and increased total antioxidant capacity under non-saline 
and more extensively at saline conditions. Indeed, these treatments improved RWC, and K+/Na+ ratio, enhanced the 
activities of superoxide dismutase and ascorbate peroxidase and proline accumulation, and significantly decreased 
membrane injury and H2O2 content in leaves of 45-old-day plants under salt stress. However, applying diphenylene 
iodonium (DPI as an inhibitor of NADPH oxidase) and N, N-dimethyl thiourea (DMTU as a H2O2 scavenger) after laser 
priming reversed the aforementioned effects which in turn resulted in the loss of laser-induced salt tolerance and 
secondary metabolism.

Conclusions  These findings for the first time deciphered that laser can induce a transient RBOH-dependent H2O2 
burst, which might act as a downstream signal to promote secondary metabolism and salt stress alleviation in S. 
officinalis plants.
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Introduction
Salt stress is one of the major environmental challenges 
that restricts the growth and development of plants due 
to disturbing water relations and nutrient balances and 
triggers oxidative damage in plants [1]. Plants attenuate 
these detrimental effects, through osmotic adjustment, 
Na+ removal, and the activation of the antioxidative sys-
tem and the biosynthesis of phenolic compounds and 
anthocyanins [1–6]. The phenolic compounds directly 
attenuate oxidative stress in cells due to their ability to 
donate electrons to reactive oxygen species (ROS), and 
chelate metal ions (Cu+ 2 and Fe+ 2) involved in the Fenton 
reaction. In addition, polyphenols can be used as reduc-
ing agents for the action of antioxidant enzymes and thus 
indirectly also enhance ROS scavenging [7].

In recent years, modern technologies such as seed 
irradiation with Helium-Neon (He–Ne) laser have 
attained to enhance stress tolerance in plants [8]. The 
growing experimental evidence has exhibited that the 
appropriate dosage of He–Ne laser can withstand plants 
against abiotic stress such as salinity [9], drought stress 
[10], cadmium toxicity [11], and ultraviolet-B radiation 
[12]. The effect of laser on plants might be related to its 
electromagnetic, optical, and thermal impacts on bio-
molecules [13]. A study using transcriptomic and physi-
ological analysis exhibited that He-Ne laser pretreatment 
up-regulated transcription of genes implicated in modu-
lating nutrient uptake and transport, photosynthesis, 
ROS homeostasis, and osmotic adjustment and conse-
quently led to higher drought acclimation in wheat seed-
lings [14]. Several studies depicted that the laser elicited 
the production of anthocyanins in Arabidopsis [15] and 
apple [16], increased phenolic compounds in buckwheat 
sprouts [17], and changed phenolic profile in sunflower 
under drought stress [18]. However, the signaling net-
work which by laser regulates stress tolerance and sec-
ondary metabolism has been rarely studied.

Under exposure to various stresses, overproduction 
of ROS causes oxidative damage in cells; whereas at low 
concentrations ROS can serve as signal molecules to 
promote developmental processes and protective strate-
gies in plants. Among ROS, hydrogen peroxide (H2O2) 
is more stable and its role as a signal molecule in stress 
tolerance acquisition has been defined in plants [19]. 
The experimental evidence has demonstrated a dis-
tinct role of respiratory burst oxidase homolog (RBOH) 
in the production of an endogenous H2O2 burst during 
salt tolerance [2, 20]. RBOH genes are encoding plasma 
membrane-localized NADPH oxidase enzymes that cat-
alyze the transfer of electrons from NADPH to O2 and 
the formation of O2˙¯, and then superoxide immediately 

is converted to H2O2 by SOD activity [21]. Under stress 
conditions, RBOH–generated H2O2 diffuses into the 
cytosol and regulates adaptive responses [19]. A study 
exhibited that the rbohD gene is essential for salt accli-
mation and rbohD mutants of Arabidopsis were more 
susceptible to hypoxia and salt stress and showed lesser 
ability for K+ retention and uptake Na+ and Cl− more 
than wild plants [22]. Other studies also showed that the 
inhibition of NADPH- oxidase activity by diphenylene 
iodonium (DPI) or ROS scavenging by N, N-dimethyl 
thiourea (DMTU) reduced the expression level of Δ1-
pyrroline-5-carboxylate synthetase and proline con-
tent [23] and the gene expression and activities of APX, 
GR, and CAT enzymes [24] in Arabidopsis under salt 
stress. Sun et al. [25] also reported that DPI or DMTU 
enhanced K+ efflux and decreased Na+/H+ antiporter 
activity in NaCl-stressed calluses of Populus euphratica. 
Wu et al. [26] argued that ROS acts as signal molecules 
to upregulate genes involved in anthocyanin biosynthe-
sis and increasing anthocyanins led to reducing ROS and 
maintaining photosynthetic capacity in radish plants 
under stressful conditions. The content of phenolics and 
flavonoids, as well as antioxidant properties (DPPH and 
ABTS capacities) in chia (Salvia hispanica), increased in 
response to H2O2 seed pretreatment [27]. A study also 
exhibited that H2O2 burst generated by NADPH-oxidase 
enzyme is involved in triggering salvianolic acid biosyn-
thesis induced by salicylic acid in Salvia miltiorrhiza 
[28]. The above literature, imply to the role of H2O2 as a 
key player in the acquisition of salt tolerance and elicita-
tion of secondary metabolism in plants.

Recently, the role of RBOH also has been elucidated in 
the tolerance of excess light stress [29, 30]. A study also 
showed that light exposure upregulates the expression of 
genes related to H2O2 signaling in plants and both light 
radiation and H2O2 treatment share many same genes 
including genes responsive to growth and development 
and stress tolerance [31]. Therefore, the motivation of 
RBOH-dependent signaling in plants by laser photons 
also is very possible. However, the role of H2O2 in He–Ne 
laser-induced secondary metabolism and salt tolerance 
has been not investigated in any plant species to date. 
Herein, we investigated this context in Salvia officinalis 
L. plants.

Common sage (S. officinalis L.) is a medicinal plant 
whose most effective antioxidant constituents are ros-
marinic acid, carnosic acid, and carnosol. The superoxide 
scavenging capacity of the rosmarinic acid is higher than 
trolox and the radical scavenging activity of carnosol is 
similar to α-tocopherol [32]. The biosynthesis of phe-
nolics is promoted by the phenylalanine ammonia-lyase 
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(PAL) enzyme in the phenylpropanoid pathway. In one 
branch of this pathway after several stages, finally ros-
marinic acid is synthesized by rosmarinic acid synthase 
(RAS) [33]. Carnosic acid is a labdane-type phenolic 
diterpene specific to some species of the Lamiaceae fam-
ily such as common sage and rosemary [34]. Carnosic 
acid and its major oxidized derivative, carnosol, pos-
sess antioxidative properties and can protect linolenic 
acid and monogalactosyl diacylglycerol against hydroxyl 
radicals and singlet oxygen. This compound exhibits an 
antimicrobial effect and is used as a preservative in the 
food industry [35]. Previous studies showed that various 
elicitors such as salinity, heavy metal stress, nitric oxide, 
salicylic acid, H2O2, and laser influence the production 
of rosmarinic acid, carnosic acid, and carnosol in Salvia 
species [34, 36–38].Therefore, S. officinalis was selected 
for this study and hypothesized that H2O2 signaling is 
likely involved in the acquisition of laser-induced salt 
tolerance and elicitation of secondary metabolism in this 
medicinal herb. In the current study, we compared the 
impact of seed pretreatment with He–Ne laser and H2O2 
on adaptive responses under salt stress. Furthermore, we 
explored the role of RBOH-dependent signaling in laser-
induced salt tolerance and rosmarinic acid and carnosol 
biosynthesis in S. officinalis plants through inhibiting 
NADPH-oxidase activity by DPI and H2O2 scavenging by 
DMTU and analysis of expression of RBOH gene.

Materials and methods
Seed pre-treatments and plant cultivation
The results of a previous experiment [38] showed that 
seed pretreatment with 5 mM H2O2 for 6  h or with an 
energy dose of 6  J cm− 2 He-Ne laser and 75 mM salin-
ity were the best levels to stimulate secondary metabo-
lism in S. officinalis seedlings. However, the underlying 
mechanism of how laser and H2O2 function together for 
eliciting proline, carnosol, and anthocyanin and enhanc-
ing SOD and APX activities and the role of RBOH-
dependent signaling in laser-induced responses was not 
assessed in mentioned study. Therefore, these optimal 
levels of treatments were used in the current experi-
ment to assess the role of H2O2 in laser-elicited second-
ary metabolism and salt tolerance, through scavenging 
endogenous H2O2 by N-dimethyl thiourea (DMTU) and 
inhibition of NADPH- oxidase activity by diphenylene 
iodonium (DPI) in laser-treated plants.

Seeds of S. officinalis were provided from the Medici-
nal Plant Research Center of Isfahan, Iran, and surfaced-
sterilized (by 2% (v/v) sodium hypochlorite) seeds were 
treated by the following methods.

Before priming seeds to He–Ne laser, uniform seeds 
were rinsed for 6 h in distilled water and then were sur-
face-dried using filter paper. A portable He–Ne laser 
(Mahfanavar sn: 9812210039-A29 made in Iran) with 

a wavelength of 632.8  nm, beam diameter 12  mm was 
applied for seed irradiation, and a power⁄energy meter 
was used for setting the laser output power. Seeds were 
irradiated with output power 10 mWcm− 2 for 10  min 
which was equal energy dose of 6 J cm− 2 He–Ne laser. It 
is worth noting that energy dose of laser is defined as the 
power (W) × time (sec) as described by Muthusamy et al. 
[39]. The laser irradiation was carried out after 15  min 
of the laser warm-up time to avoid any possible error 
in the laser power stability. The laser power was moni-
tored before and after each exposure using a laser power 
meter to ensure proper energy delivery to the target site. 
Another group of seeds were primed by soaking in 5 mM 
H2O2 solution for 6  h. For lowering endogenous H2O2 
levels, laser-treated seeds were rinsed in solutions of 1 
mM diphenylene iodonium (200 µM DPI as an inhibitor 
of NADPH- oxidase) or N, N-dimethyl thiourea (1 mM 
DMTU as a H2O2 scavenger). Pre-treatments included:

(1) Control (distilled water); (2) H2O2; (3) laser; (4) 
laser + H2O2; (5) laser + DPI; (6) laser + DMTU.

The number of 10 seeds from each of the above treat-
ments was sown in plastic pots containing 2 kg cocopeat 
and pearlite in a 1:1 ratio and one week after seed ger-
mination, plants were thinned to 5 per pot. The plants 
were grown in the greenhouse under a relative humidity 
of 65% and a photoperiod of 14 h day /10 h night. At first, 
pots were irrigated daily with distilled water, and after 15 
days, plants were irrigated with quarter-strength Hoa-
gland’s solution containing 75 mM NaCl or nutrient solu-
tion without salt 3 times per week. Furthermore, once 
every two weeks, non-saline irrigation water was used to 
avoid salt accumulation in the medium.

Previous studies showed that the peak of RBOH-
dependent H2O2 burst occurs in the early hours of stress 
exposure and then it drops [40, 41]. Therefore, leaf sam-
ples were collected 48 h after implementing the salt stress 
and quickly used for gene analysis. After 4 weeks of expo-
sure to salinity stress, the fresh samples transferred to 
a − 80  °C freezer for measuring biochemical attributes. 
Then, 45-old-day plants were harvested, and fresh and 
dry weights (were dried for 4 days at room temperature) 
of shoots, were determined and Na+ and K+ concentra-
tions were measured in dried shoots.

Measurement of chlorophyll content
To measure total chlorophyll content, leaves were 
extracted in 80% acetone and the optical absorbance of 
filtrates was recorded at 645 and 663  nm. Total chloro-
phyll content was calculated using the formula suggested 
by Arnon [42].
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Quantification of proline content and relative water 
content
The relative water content (RWC) in fresh leaves was 
determined by the following formula:

RWC (%) = [(FW − DW) ∕ (TW − DW)] × 100
Where FW, DW, and TW respectively are fresh weight, 
dry weight (after being oven-dried at 75 ◦C), and turgor 
weight (after floating the leaves in water for 14 h) of leaf 
samples [43].

To quantify the proline contents in leaves, ninhydrin 
reagent was applied according to Bates et al. [44] method. 
Briefly, leaf samples were homogenized in 3% sulfosali-
cylic acid and after centrifugation at 4  °C, the superna-
tant was mixed with ninhydrin reagent and glacial acid. 
Tubes were placed in a boiling water bath for 40 min and 
after cooling, toluene was added and incubated at room 
temperature. The absorbance was read at 520 nm and the 
proline content was calculated using the standard curve.

Quantification of Na+ and K+ concentrations
Dried leaf samples (0.1  g) were converted to ashes at 
560  °C and then digested using HCl acid. After removal 
of excess HCl by heating, residual sediment was dissolved 
in distilled water and the absorbance was read by a flame 
photometer. The Na+ and K+ contents of each leaf sample 
were determined using the standard curve [3].

Evaluation of oxidative biomarkers
The malondialdehyde (MDA) was measured in the super-
natant of leaves homogenized in trichloroacetic acid 
based on the thiobarbituric acid (TBA) reaction using the 
method adopted by Heath and Packer [45]. The optical 
absorbance was read at 532 and 600 nm, and the MDA 

content was calculated using an extinction coefficient of 
155 mM− 1 cm− 1.

Hydrogen peroxide content was quantified by the 
method adopted by Velikova et al. [46] using a KI reagent 
and recording of optical absorbance at 390  nm. H2O2 
content in the fresh weight (FW) of leaves was deter-
mined by referring to the standard curve.

Histochemical localization of H2O2 and O2
˙¯ was 

detected by the method described by Vafadar et al. [3]. 
Leaf samples were incubated in either 3,3′-diaminoben-
zidine (DAB) for 8 h in darkness or nitroblue tetrazolium 
(NBT) for 30  min. After the decolorization of leaves, 
by 20  min boiling in 95% ethanol solution, dark yellow 
spots in DAB staining and dark blue spots in NBT stain-
ing were considered as H2O2 and O2˙¯production in leaf 
tissues.

Determination of antioxidant enzyme activities
First, leaf samples were macerated using an extraction 
buffer in a mortar on the ice bath. After centrifugation, 
the supernatant was applied for enzyme assay.

To assay the ascorbate peroxidase (APX) activity, 
declining absorbance at 290 nm was followed for 1 min 
and, APX activity was calculated using an extinction 
coefficient 2.8 mM–1 cm–1 as previously explained by Val-
ivand et al. [47].

Superoxide dismutase (SOD) activity was assayed 
based on recording the decrease in absorbance of nitro-
blue tetrazolium (NBT) dye caused by the enzyme at 
560  nm as previously described by Pirooz et al. [37]. 
One unit of SOD activity was defined as the amount of 
enzyme that inhibited the 50% reduction of NBT.

Quantitative RT‑PCR
To further decipher the link between endogenous H2O2 
burst and He–Ne laser-induced responses, the expres-
sion of PAL, RBOH, and RAS genes was analyzed in sam-
ples. The LiCl-Phenol chloroform method was applied 
for the extraction of total RNA and cDNA synthesis was 
done using a kit (Smobio Co., South Korea). 18 S rRNA 
gene was applied as an internal control. The list of the 
primers used in this survey has been indicated in Table 1. 
For each reaction, 2X SYBR-Green Real-time PCR Mas-
ter Mix (Bio fact, Soth Korea) was applied. The PCR 
program was promoted in hot start at 95 °C for 15 min, 
followed by 40 cycles at 95 °C for 20 s, 55 °C for 30 s and 
72  °C for 30 s. The melting curve was assessed between 
65  °C and 95  °C 0.3  °C ramping rate per 1  min. Finally, 
fold changes were computed using the 2−ΔΔCT method.

Quantification of anthocyanin concentration and total 
phenol content
To quantify the total anthocyanin concentration, ground 
leaves (0.5  g) were soaked and shaken in acidified 

Table 1  Characterization of the primers used for amplification of 
genes in this study
Name Sequence Am-

plicon 
length

Tar-
get 
gene

Accession 
Number

FBRasrr 5’- ​G​T​A​T​G​G​T​C​G​C​A​
A​G​G​C​T​G​A​A​A​C-3’

135 bp 18 S 
rRNA

KX709367.1

RBRasrr 5’- ​G​A​G​C​T​C​T​C​A​G​T​
C​T​G​T​C​A​A​T​C​C-3’

FRBOHsa 5’- ​G​G​G​C​T​A​C​A​A​A​T​
A​C​A​A​A​A​G​T​G​G​G-3’

113 RBOH AJ309006.1
XM_006381507.2

RRBOHsa 5’- ​C​A​C​T​G​A​G​A​T​A​G​
T​C​A​T​C​C​C​C​T​G-3’

PAL1-F 5’-​A​C​C​T​A​C​C​T​C​G​T​C​
G​C​C​C​T​A​T​G​C-3’

169 bp PAL DQ408636.1

PAL1-R 5’-​C​C​A​C​G​C​G​G​A​T​C​
A​A​G​T​C​C​T​T​C​T-3’

FPirRAS 5’- ​C​A​A​G​T​G​T​G​G​C​G​
C​T​G​C​G​T​C​T​G-3’

167 bp RAS KF220570.1

RPirRAS 5’-​A​C​C​A​G​T​T​C​G​C​C​
G​C​A​C​A​G​A​G​C-3’
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methanol in the dark at room temperature for 24 h. The 
mixture was centrifuged and the optical density of the 
supernatant was read at 657 and 530 nm using acidified 
methanol as blank. The formula A = (A530 − 0.25 A657) was 
used to modify absorption relative to chlorophyll and the 
anthocyanidin content was computed using the molar 
extinction coefficient 29,600 by the method described 
by Ereifej et al. [48]. The anthocyanin content was repre-
sented as mg of cyanidin-3-glucoside equivalent per g of 
the dry weight of leaves.

Total phenol content (TFC) was quantified by adding 
Folin–Ciocalteu reagent and Na2CO3 to plant extract and 
reading at 760 nm as previously applied by Amooaghaie 
et al. [38].

Quantification of carnosol and rosmarinic acid by HPLC 
analysis
The amounts of carnosol and rosmarinic acid were quan-
tified by high-performance liquid chromatography using 
a 515 Waters HPLC pump, with 2487 dual wavelength 
absorbance detector (Waters, Milford, MA, USA) on 
a Nova-Pak C18, 3.9 × 150  mm (Waters, Milford, MA, 
USA). At first, the dried leaves (2 g) was soaked in 15 mL 
of methanol (15 mL) and shaken for 24 h. Then, extracts 
were dried and remaining was dissolved in 10% sodium 
bicarbonate (5 mL) and chlorophylls and fats washed 
were removed using ethyl acetate (1 mL). After acidify-
ing the aqueous phase using 2 N hydrochloric acid (to a 
pH of 2.0, the phenolic compounds were extracted using 
diethyl and were dried. Then, the organic part was dis-
solved in 1 mL HPLC solvent A: B (1:1), filtered with a 
0.22 μm syringe filter, and injected into the HPLC system 
for quantification. The solvents, the columns, and times 
were adjusted as previously adopted by Amooaghaie et 
al. [38]. Injection and quantification of standards (Sigma-
Aldrich, USA) also was done in the same way, Millen-
nium software was applied [49].

Evaluation of total antioxidant capacity
The total antioxidant capacity was estimated by the phos-
phomolybdenum assay as described by Jan et al. [50]. The 
leaf extract of each sample was mixed with reagent solu-
tion (4 mM ammonium molybdate, 0.6 M sulfuric acid, 
and 28 mM sodium phosphate) and tubes laid in a water 
bath at 95 °C for 90 min. After cooling, the optical absor-
bance of the resultant solution was read at 765 nm. Total 
antioxidant capacity was calculated using the following 
equation:

Total antioxidant capacity (%) = [(Abs of control − Abs 
of sample)/ Abs of control] × 100.

Statistical analysis
A factorial experiment with a randomized complete 
design was conducted with 3 replicates. Data were sub-
jected to ANOVA analysis using SAS version 9, and the 
significance of means differences was assessed by Dun-
can’s multiple range tests at the P < 0.05 level.

Results
The role of H2O2 in laser-induced improvement of growth 
parameters
Seed pretreatment with laser and/or H2O2 significantly 
improved the fresh and dry weight of shoots and total 
Chl. in leaves under non-saline conditions (Fig. 1A-C).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

Fig. 1  . Impact of seed pretreatment with H2O2 and He–Ne laser irra-
diation alone or together to DPI and DMTU on fresh weight (A) and dry 
weight (B) of shoots and total Chl. (C) in leaves of Salvia officinalis plants 
under salt stress
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Salt stress significantly reduced shoot fresh and dry 
weights of shoots and total Chl. and seed pretreatment 
with laser and/or H2O2 significantly improved these 
attributes (Fig. 1A-C). Seed irradiation with He-Ne laser 
increased fresh and dry weight of shoots and total Chl. 
respectively by 20.4, 70.66, and 18.5% compared to salt 
treatment alone. However, under both saline and non-
saline conditions, the laser-induced improvement of the 
fresh and dry weight of shoots and total Chl. was reversed 
when NADPH oxidase activity was inhibited by DPI or 
endogenous H2O2 was scavenged by DMTU (Fig. 1A-C).

The role of H2O2 in laser-induced effects on proline content 
and relative water content
Seed pretreatment with laser and/or H2O2 significantly 
did not affect proline and RWC under non-saline con-
ditions (Fig.  2A, B). Salinity increased proline content 
by 1.68 fold and decreased RWC by 40.63% in the leaves 
of sage seedlings in comparison to control (Fig.  2A, B). 
Seed pretreatment with laser and/or H2O2 significantly 
improved proline content and RWC in leaves. Seed irra-
diation with laser increased proline content by 2.03 fold 
and RWC 29.79% in leaves compared to salt treatment 
alone. The increase of proline content and RWC induced 

by laser was reduced by applying DPI, and DMTU 
(Fig.  2A, B) which meant that ROS signaling likely is 
involved in laser-induced proline production.

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

The role of H2O2 in laser-induced effects on Na+ and K+ 
contents
Seed pretreatment with laser and/or H2O2 significantly 
did not affect the Na+ content but improved the K+ con-
tent under non-saline conditions (Fig. 3A, B).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

Salt stress decreased the K+ content by 50% and 
increased the Na+ content by 2.83 folds (Fig.  3A, B) in 
leaves. Therefore, salinity decreased the K+/Na+ ratio in 
comparison to the control plants (Fig. 3C). Seed pretreat-
ment with laser and/or H2O2 significantly improved the 
K+/Na+ ratio in salt-stressed plants. Pretreatment with 
laser, increased K+ content by 48.37% and reduced Na+ 

Fig. 2  Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on relative water content (A) and proline 
content (B) in Salvia officinalis plants under salt stress
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content in leaves by 25.46% compared to salt treatment 
alone (Fig. 3A, B). However, applying DPI, and DMTU on 
laser-primed seeds, significantly increased Na+ content, 
but diminished the contents of K+ and consequently low-
ered K+/Na+ ratio in salt-stressed plants (Fig. 3A-C).

The role of H2O2 in laser-induced effects on oxidative stress 
biomarkers
Seed pretreatment with laser and/or H2O2 significantly 
did not affect the MDA content, but slightly increased 
the H2O2 content in leaves under non-saline conditions 
(Fig. 4A, B).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 

based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

The role of H2O2 in laser-induced effects on antioxidant 
enzymes
Seed pretreatment with laser and/or H2O2 significantly 
did not affect APX activity but increased the SOD activ-
ity under non-saline conditions (Fig. 5A, B).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests P = H2O2 L = He–
Ne laser S = salt stress.

Salt stress significantly increased SOD activity, but had 
no significant effect on APX activity. Seed pretreatment 
with laser and/or H2O2 significantly enhanced SOD and 

Fig. 3  . Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on Na+ (A) and K+ (B) contents and K+/
Na+ ratio (C) in Salvia officinalis plants under salt stress
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APX activity in salt-stressed plants. Seed irradiation with 
laser enhanced SOD activity by 32.96% and APX activ-
ity by 2.27 fold in the leaves compared to salt stress alone 
(Fig. 5). The stimulatory effects of laser on SOD and APX 
activity were nullified by applying DPI, and DMTU.

The role of H2O2 in laser-induced effects on the content of 
anthocyanin total phenol rosmarinic acid and carnosol
Seed pretreatment with laser and/or H2O2 significantly 
increased the content of anthocyanin, total phenol and 
rosmarinic acid but did not affect carnosol content under 
non-saline conditions (Fig. 6A-D).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

Salt stress significantly increased the content of antho-
cyanin, total phenol, carnosol and rosmarinic acid. Seed 
pretreatment with He–Ne laser and/or H2O2 significantly 
increased the content of these compounds under both 
non-saline and saline conditions. Seed irradiation with 
laser enhanced the amount of anthocyanin, total phenol, 
carnosol and rosmarinic acid respectively by 40.74, 64.37, 
11/66, 6.19% in salt-stressed plants. However, addi-
tive treatment with DPI, and DMTU after He–Ne laser 

irradiation caused a significant decrease in the amount of 
these compounds under both saline and non-saline con-
ditions (Fig. 6A-D).

The role of H2O2 in laser-induced effects on total 
antioxidant capacity
Salt stress significantly increased total antioxidant capac-
ity (TAC) and seed pretreatment with He–Ne laser and 
H2O2 significantly enhanced it under non-saline and 
saline conditions. However, treatment with DPI, and 
DMTU after He–Ne laser irradiation caused a significant 
decrease in TAC (Fig. 7).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

The role of H2 The role of HO2 in laser-induced effects on 
the expression of RBOH PAL and RAS genes
Seed pretreatment with laser and/or H2O2 significantly 
increased the expression of RBOH, PAL, and RAS genes 
under non-saline conditions (Fig.  8A-C). After 48  h 
imposing to salt stress higher expression of RBOH, PAL, 
and RAS genes were recorded, and He–Ne laser illumina-
tion and/or H2O2 pretreatment intensified transcription 

Fig. 4  Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on H2O2 (A) and MDA (B) contents in Salvia 
officinalis plants under salt stress
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of these genes. However, applying DPI, and DMTU on 
laser-primed seeds remarkably reduced the expression 
of RBOH, PAL, and RAS genes in plants exposed to salt 
stress (Fig. 8A-C).

Mean ± SE (n = 3) followed by different letters represent 
a significant difference between treatments at p < 0.05, 
based on Duncan’s multiple range tests. P = H2O2 L = He–
Ne laser S = salt stress.

Discussion
Numerous studies have shown that the He-Ne laser can 
improve the growth, metabolism, and stress tolerance in 
plants [8–18]. Hernandez et al. [13] believe that absorbed 
energy during seed irradiation with the laser may be 
transformed into chemical energy and at a later time can 
improve seed germination and growth. However, there 
is not enough empirical evidence regarding the mecha-
nism by which He-Ne laser effects are translated as bio-
chemical responses. The current study provided evidence 
that suggests laser through the motivation of an RBOH-
dependent H2O2 burst may mediate salt tolerance and 
secondary metabolism in S. officinalis.

As expected, salinity (75 mM NaCl) reduced shoot 
growth of S. officinalis plants (Fig.  1A, B) which agreed 
with the findings of Tounekti et al. [34]. Seed laser irra-
diation similar to H2O2 pretreatment increased growth 
parameters and Chl content under non-saline and saline 

conditions (Fig.  1A-C). Likewise, the improvement of 
growth and Chl content in water-stressed sunflower 
in response to He-Ne laser radiation [18] and in salt-
stressed Silybum marianum [51] by seed pretreatment 
with H2O2 has been reported earlier. It has been sug-
gested that red photons of the He–Ne laser (632.8  nm) 
may be absorbed by the phytochromes and these pho-
toreceptors can regulate the growth, Chl biosynthesis, 
and stress tolerance in plants [52]. However, in the cur-
rent study reversing laser effects on growth and Chl con-
tent after H2O2 scavenging by DMTU or inhibiting of 
RBOH-mediated H2O2 generation by DPI, suggests laser 
mediates these responses through H2O2 signaling. It has 
been well defined that the lower dose of H2O2 can act as 
a signal to regulate hormonal situations, Chl biosynthe-
sis, photosynthesis, and defensive responses, resulting 
in improved growth and stress tolerance in plants [19, 
21]. It is also noticeable that salinity likely increased Chl 
degradation due to the high generation of ROS in leaves. 
Seed pretreatment with H2O2 or/and laser reduced ROS 
content (Fig.  4) and oxidative damage of Chl in leaves 
(Fig.  1C) which likely enhanced photosynthesis and 
improved growth parameters.

Indeed, it is likely that the improvement of RWC lev-
els by H2O2 and/or laser (Fig.  2A) retained safeguard-
ing turgor and consequently improved the growth 
of S.officinalis plants under salinity stress. Likewise, 

Fig. 5  Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on the activities of SOD (A) and APX (B) 
in Salvia officinalis plants under salt stress
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recovery of growth and water content by H2O2 in water-
deficit-exposed quinoa [53] and by laser irradiation in 
drought-stressed wheat [10] has been published earlier. 
The impact of H2O2 and laser on proline accumulation 
(Fig.  2B) was responsible for the maintenance of RWC 
(Fig.  2A) in S.officinalis leaves under salt stress. These 
results were in agreement with previous reports, where 

proline accumulation was increased in water deficit-
exposed sunflower [18] by seed laser irradiation and in 
salt-accrued wheat [54] by seed H2O2 pretreatment. Pro-
line not only as an osmoticum contributes to the osmotic 
adjustment but also displays an important role in the 
stability of membranes and enzymes due to participat-
ing in ROS scavenging under saline conditions [55]. Our 

Fig. 7  Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on total antioxidant capacity in Salvia 
officinalis plants under non-stress and salt stress

 

Fig. 6  Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on the content of anthocyanin (A), total 
phenol content (B), rosmarinic acid (C) and carnosol (A) in Salvia officinalis plants under non-stress and salt stress
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results depicted that laser-induced proline accumulation 
in leaves of S. officinalis was regulated by RBOH-depen-
dent signaling; because H2O2 scavenging by DMTU or 
the inhibition of RBOH-mediated H2O2 generation by 
DPI in early hours of salt exposure, abolished stimulatory 
impacts of laser on proline accumulation in 45-old-day 
plants (Fig.  2B). A study depicted that RBOH-mediated 
H2O2 was required for enhancing the activity of Δ1-
pyrroline-5-carboxylate synthetase (the enzyme underly-
ing proline biosynthesis), reducing the activity of proline 
dehydrogenase (an enzyme involved in proline degrada-
tion) and consequently increasing proline accumulation 
in wheat roots under salt stress and these impacts were 
reversed by DMTU and DPI [56]. Therefore, it is likely 
that laser also evokes RBOH-dependent H2O2 genera-
tion, and this H2O2 influences the gene expression or 
activity of enzymes underlying biosynthesis or degrada-
tion of proline.

Disruption of Na+ and K+ homeostasis is another rea-
son for decreasing plant growth under salt stress [4, 57]. 
Increasing Na+ content and conversely decreasing K+ 
in salt-stressed S. officinalis plants (Fig.  3A, B) agreed 
with the findings of Es‑sbihi et al. [58]. However, H2O2 
and laser pretreatments reduced Na+ accumulation and 
increased K+ contents in leaves (Fig. 3A, B). These find-
ings validate previous reports, where Na+ and K+ homeo-
stasis was modified by seed pretreatment with H2O2 in 
wheat [57] and sunflower [59] under salt stress. To the 
best of our knowledge, the effect of laser irradiation on 
Na+ and K+ homeostasis in salt-stressed plants has never 
been published. The reversion of the laser effect on the 
re-establishment of the K+/Na+ ratio in S. officinalis 
leaves by DMTU and DPI (Fig. 3C) points to the role of 
RBOH-dependent signaling in this phenomenon. The 
role of H2O2 in triggering Ca2+ cascades and ultimately 
regulating Na+ efflux from the cytosol of cells through 

Fig. 8  Impact of seed pretreatment with H2O2 and He–Ne laser irradiation alone or together to DPI and DMTU on the expression of RBOH (A), PAL (B), and 
RAS (C) genes in Salvia officinalis plants under non-stress and salt stress
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Ca2+-dependent activation of SOS1 (as a plasma mem-
brane Na+/H+ antiporter) has been well demonstrated in 
Arabidopsis [4, 20]. Wang et al. [60] found that RBOH-
dependent signaling is required for K+ homeostasis in 
saline conditions; because Knockout of OsRbohA down-
regulated the expression of low or high-affinity K+ trans-
porters and relative-channel genes (OsAKT1, OsHAK5, 
OsHAK1, and OsGORK), while overexpression of OsR-
bohA, enhanced the transcripts of these genes and low-
ered the loss of K+ ions in roots of salt-stressed rice. 
Therefore, it is likely that the laser through triggering 
RBOH-signaling, regulated the gene expression or the 
action of transporters involved in the removal of excess 
Na+ and K+ influx and consequently improved the K+/
Na+ ratio.

Salinity stress increased H2O2 content and led to mem-
brane peroxidation in leaves (Fig. 4). The decline of these 
oxidative biomarkers by H2O2 and/or laser treatment 
likely was related to enhancing the function of SOD, and 
APX enzymes by these treatments (Fig. 5). Similarly, for-
mer studies also have depicted that increasing the gene 
expression and/or the activities of antioxidant enzymes 
in tall fescue plants [9] by laser radiation, and in wheat 
[54] by H2O2 seed priming, improved salt-induced oxida-
tive stress in these plants. However, the nullification of 
the stimulatory effects of laser on SOD and APX activ-
ity by DMTU and DPI (Fig. 5) in the current study; sug-
gests that laser enhanced the activities of these enzymes 
through RBOH-dependent signaling. Similarly, applying 
DMTU and the inhibition of RBOH-dependent signal-
ing with DPI or imidazole reduced the activities of APX, 
GR, and CAT in salt-stressed Arabidopsis thaliana seed-
lings [23]. A study also demonstrated that salt tolerance 
induced by seed priming with H2O2 or osmo-priming in 
alfalfa depended on RBOH-generated H2O2 to induce the 
gene expression and activity of antioxidant enzymes and 
proline accumulation [2]. Therefore, it can be proposed 
that up-regulating the gene expression and activities of 
antioxidant enzymes through RBOH-dependent H2O2 
might be involved in the progress of effects of He–Ne 
laser on the management of salt-induced oxidative stress 
in S. officinalis plants.

Impact of H2O2 and/or laser pretreatment on lower-
ing H2O2 content and lipid peroxidation in salt-stressed 
plants might be also related to the elicitation of second-
ary metabolites such as anthocyanins and other phenolic 
compounds (Fig.  6) by these treatments. Anthocyanins 
are water-soluble pigments, and antioxidant compounds 
that have the ability to scavenge ROS as well as pre-
vent their production [5]. Thus, it can be supposed that 
increasing anthocyanin content in leaves by He-Ne laser 
or H2O2 (Fig. 6A), contributed to salt tolerance in S. offi-
cinalis plants. Similarly, it has been reported that antho-
cyanin content increased in leaves of salt-stressed basil 

[60] by H2O2 treatment and in water deficit-exposed 
sunflower [18] in response to He-Ne laser irradiation. 
Dudareva et al. [15] believe that likely red photon of laser 
trigger anthocyanin biosynthesis through phytochrome 
activation. In the current study reversing effect of the 
He-Ne laser on anthocyanin content by DMTU and DPI 
(Fig.  6A), indicates that this impact mediates through 
RBOH-dependent H2O2 generation. In support of our 
hypothesis, Wu et al. [23] reported that increasing antho-
cyanin accumulation in the hypocotyls of radish sprouts 
under stressful conditions depends on light and H2O2. 
They observed that exogenous H2O2 enhanced expres-
sions of anthocyanin biosynthesis-related transcription 
factors and applying DMTU severely inhibited anthocy-
anin biosynthesis in radish.

Phenolics are antioxidant compounds that owing to 
their ROS scavenging capacity can reduce degradation 
and excess excitation of chlorophyll in leaves, especially 
under stressful conditions [7]. He-Ne laser irradiation or 
H2O2 pretreatment increased the accumulation of total 
phenolics, rosmarinic acid, and carnosol (Fig. 6B-C) in S. 
officinalis leaves even under non-saline conditions, and 
upregulating PAL and RAS genes was responsible for this 
result. Increment of rosmarinic acid accumulation in Sal-
via miltiorrhiza cell cultures by H2O2 treatment [36] and 
in Cymbopogon proximus sprouts in response to laser 
irradiation [61] under non-stress conditions have been 
also reported earlier. However, there is no report con-
cerning the effect of laser and H2O2 on carnosol accumu-
lation in plants. Likely, the impact of laser on Chl content 
(Fig.  1C), improved photosynthesis and consequently 
increased the carbon availability for the biosynthesis of 
these compounds. Besides, our results for the first time 
depicted that laser as well as H2O2 treatment intensified 
the expression of PAL and RAS genes (Fig.  8B, C), and 
this response was reversed by applying DPI and DMTU. 
These novel findings suggest that laser pretreatment 
induced an RBOH-dependent H2O2 generation and H2O2 
as a downstream signal stimulated de novo synthesis of 
phenolics such as rosmarinic acid via activating respec-
tive gene expression. In line with our hypothesis, Hao et 
al. [36] argued that triggering an endogenous H2O2 burst 
is required in rosmarinic acid production elicited by sali-
cylic acid in Salvia miltiorrhiza cell cultures; because the 
inhibition of NADPH- oxidase by imidazole or quench-
ing H2O2 burst by DMTU blocked rosmarinic acid accu-
mulation in this herb.

Our results showed that laser and H2O2 enhanced 
the production of phenolics with stronger antioxidant 
activity in salt-stressed plants, as was verified by results 
of total antioxidant capacity (Fig.  7). Previous studies 
revealed that carnosic acid and its major oxidized deriva-
tive, carnosol, protect lipids from oxidation [35]. Both 
rosmarinic acid and carnosol have strong antioxidative 
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properties and their accumulation can contribute to ROS 
scavenging in leaves [62]. It has been formerly reported 
that increasing carnosol in S. officinalis [63] and rosma-
rinic acid in Dracocephalum kotschyi Boiss. [3] improved 
salt-induced oxidative stress in these plants. Taken 
together, the above data support this assumption that 
RBOH-dependent H2O2 generation is involved in He–
Ne laser-elicited secondary metabolism in plants, espe-
cially under salt stress. The analysis of RBOH transcripts 
further supported this assumption. Our results for the 
first time exhibited that seed laser irradiation upregu-
lated RBOH gene expression in leaves under non-stress 
conditions (Fig.  8A). Importantly, this laser-induced 
upregulation of the RBOH gene did not increase lipid 
peroxidation (Fig.  4B) and even corresponded with the 
enhanced growth (Fig.  1) and the increased contents of 
secondary metabolites (Fig. 6) in 45-old-day plants. This 
suggests that laser motivated a transit and controlled 
RBOH-dependent H2O2 burst and induced a mode of 
like to stressful conditions which in turn stimulated the 
growth and secondary metabolism under non-stress 
conditions. The accordance of higher levels of PAL and 
RAS transcripts with higher expression of the RBOH 
gene in laser-primed plants (Fig. 8) also further endorses 
this assumption. There is no report concerning laser-
induced upregulating RBOH transcripts and the acquisi-
tion of H2O2 burst in the literature. However, a transient 
increase of lipid peroxidation in wheat callus after He-Ne 
laser irradiation was reported by Salyaev et al. [64] that 
indirectly points to the potential ability of the laser to 
induce a transient ROS burst.

Interestingly, higher levels of RBOH transcripts in 
laser-primed plants after 48  h imposing to salinity 
(Fig. 8A), not only did not aggravate oxidative stress but 
also was accompanied by lower contents of H2O2 and 
MDA in leaves of 45-old-day plants (Fig. 4). In addition, 
the higher levels of RBOH transcripts in laser-treated 
plants in early hours of salt exposure (Fig.  8A) were 
closely linked with positive effects conferred by He-Ne 
laser on proline content (Fig.  2), the activity of antioxi-
dant enzymes (Fig. 5), the accumulation of anthocyanin, 
total phenolics, rosmarinic acid, and carnosol (Fig. 6) and 
Na+/K+ homeostasis (Fig. 3) in 45-old-day plants and, all 
these responses were impaired by applying DMTU and 
DPI. These novel findings again suggest that laser irra-
diation likely is motivating a transient RBOH-depen-
dent H2O2 burst in the early hours after salt exposure 
that might act as a downstream signal for activating the 
antioxidant system and consequently reducing oxidative 
stress in 45-old-day plants. However, further evidence 
using rboh mutants should validate this opinion.

It is known that seed priming can initiate a ‘‘tran-
scriptional memory’’ that can be shared later and medi-
ate metabolism and stress tolerance in plants [65]. The 

positive effects of laser radiation on seeds are ascribed to 
its optical, electromagnetic, and thermal properties [13]. 
Previous studies showed that priming with mild heat 
stress [66], magnetopriming of seeds [67] and light expo-
sure [31, 68] can induce RBOH-dependent H2O2 and 
stress memory in plants which can enhance plant toler-
ance under subsequent exposures to stress. The above 
literature and our data suggest this proposal that the 
optical, thermal, and magnetic effects of the laser may 
act as mild stressors that activate RBOH-mediated H2O2 
generation. This H2O2 burst or other signals elicited by 
H2O2 might induce epigenetic modifications and estab-
lish a laser-induced ‘transcriptional memory’ in seeds. 
This memory is likely decoded in mature plants and is 
accountable for inducing secondary metabolism and alle-
viating salt-induced oxidative, osmotic, and ionic stresses 
in laser-primed plants. Our data showed that laser 
energy indirectly and via RBOH-dependent signaling was 
directed to the metabolic pathways and manifested as the 
upregulation of RAS and PAL genes, the stimulation of 
proline and secondary metabolites biosynthesis, and the 
activation of the antioxidant enzymes. Therefore, we sug-
gest hypothesis of Hernandez et al. [13] be modified as 
that optical, electromagnetic, and thermal effects of laser 
can motivate signaling cascades and initiate a ‘transcrip-
tional memory’ that is subsequently shared and regulates 
the growth, metabolism, and stress tolerance in plants.

Conclusions
In conclusion, the outcomes of this study show that the 
laser-induced upregulating RBOH gene was concomitant 
with increasing antioxidant enzyme activities, proline 
accumulation, and improving Na+/K+ homeostasis in 
salt-stressed plants. Furthermore, laser-induced adap-
tive responses under salt stress were diminished by DPI 
and DMTU. These findings highlight the role of RBOH-
mediated H2O2 generation in the progress of impacts of 
the He–Ne laser on salt tolerance. However, our results 
are preliminary and more evidence is required to prove 
the above hypothesis. In addition, the role of crosstalk of 
H2O2 generated by RBOHs with transcription factors and 
other signaling components such as Ca2+, NO, phytohor-
mones and phytochromes cannot be ruled out. The more 
detail should be addressed in future studies using RBOH 
mutants and transcriptomic, proteomic and metabolo-
mic analysis.
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